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Abstract:	 Nanocutting	 mechanism	 of	 single	 crystal	 6H‐SiC	 is	 investigated	 through	 a	 novel	 scanning	 electron	
microscope	setup	in	this	paper.	Various	undeformed	chip	thicknesses	on	(0001)<1‐100>	orientation	are	adopted	in	the	
nanocutting	experiments.	Phase	transformation	and	dislocation	activities	involved	in	the	6H‐SiC	nanocutting	process	are	
also	 characterized	 and	 analysed.	 Two	methods	 of	 stress‐assisted	 and	 ion‐implant‐assisted	 nanocutting	 are	 studied	 to	
improve	 6H‐SiC	 ductile	 machining	 ability. Results	 show	 that	 stress‐assisted	 method	 can	 effectively	 decrease	 the	
hydrostatic	 stress	 and	 help	 to	 activate	 dislocation	 motion	 and	 ductile	 machining,	 ion‐implant	 induced	 damages	 are	
helpful	to	improve	the	ductile	machining	ability	from	MD	simulation	and	continuous	nanocutting	experiments	under	the	
online	observation	platform.	





devices	 are	 capable	 of	 working	 in	 harsh	 temperatures,	 wear,	 chemical,	 and	 radiated	 environment	 [1].	
Recently,	 SiC	 had	 showed	 self‐rebonding	 ability	 in	 vacuum,	 which	 provides	 new	 insights	 to	 design	 and	
fabricate	high	performance	devices	[2].	However,	the	properties	of	brittleness	and	high	hardness	of	SiC	[3]	
make	 it	 difficult	 to	 be	 used	 for	 fabricating	 ultra‐precision	 micro/nano‐components,	 such	 as	 producing	
miniaturized	functional	surfaces.	Damages	such	as	surface	micro‐crack	and	subsurface	damage	often	occur	
during	 machining	 of	 SiC	 [4].	 Besides,	 at	 ambient	 condition,	 SiC	 can	 form	 many	 different	 polytypes	 that	
originate	 from	 differences	 in	 the	 stacking	 sequence	 of	 the	 silicon‐carbon	 bilayers	 along	 [111]	 or	 [0001]	
direction	 [5].	About	200	polytypes	of	SiC	are	 found	at	atmospheric	pressure	 [6].	Single	crystal	6H‐SiC	 for	




to	study	 the	ductile	 regime	machining	of	brittle	materials.	Studies	have	shown	 that	when	 the	ratio	of	 the	
undeformed	chip	thickness	to	the	tool	edge	radius	is	less	than	a	critical	value,	the	chip	formation	occurs	via	
extrusion	[7,8].	Single	grain	scratching	is	performed	at	~	m/s	speed	at	nanoscale	depth	of	cut	to	investigate	
the	 brittle‐to‐ductile	 transition	 [9,10].	 Mechanical	 chemical	 machining	 is	 developed	 recently	 for	 brittle	
materials	 [11,12].	As	a	 typical	 semiconductor	material,	 the	mechanism	of	 the	ductile	regime	machining	of	





6H‐SiC	 could	 be	 realized	 by	 either	 phase	 transformation	 from	 the	 Wurtzite	 structure	 to	 an	 amorphous	
structure,	 or	 by	 the	 migration	 of	 dislocations	 on	 the	 basal	 plane	 or	 pyramidal	 plane,	 as	 well	 as	 by	 a	
combination	of	them.	Nanoscratching	tests	were	conducted	on	the	surface	of	6H‐SiC	(0001)	using	Berkovich	
nanoindenter	 by	 Meng	 et	 al	 [15].	 With	 transmission	 electron	 microscopy	 being	 used	 for	 phase	 and	
dislocation	analysis,	 they	 confirmed	 that	 the	plastic	deformation	mechanism	of	6H‐SiC	during	 the	ductile	
regime	 machining	 was	 most	 likely	 a	 combination	 of	 dislocation	 activities	 and	 high	 pressure	 phase	




in	 the	 subsurface	 should	 be	 occurred	 earlier	 than	 cleavage.	 These	 dislocations	 were	 the	 predominant	
yielding	mechanism	 in	 6H‐SiC.	 Goel	 et	 al.	 [18]	 performed	 diamond	 turning	 of	 single	 crystal	 6H‐SiC,	 and	
revealed	 that	 phase	 transformation	 should	 be	 considered	 as	 a	 prerequisite	 to	 ductile	 regime	machining.	
Xiao	 et	 al.	 [19]	 conducted	 MD	 simulations	 and	 taper	 cutting	 to	 investigate	 the	 atomic	 details	 of	 ductile	
deformation	 in	 the	 machining	 of	 single	 crystal	 6H‐SiC.	 The	 results	 indicated	 that	 the	 origin	 of	 ductile	
response	for	6H‐SiC	was	a	combination	of	high	pressure	phase	transformation	(HPPT)	to	rocksalt	structure	
and	dislocation	activities,	while	dislocation	plasticity	played	a	major	role.	They	further	studied	the	effect	of	




The	 above	 studies	 have	 greatly	 enriched	 researchers’	 understanding	 on	 the	 mechanism	 of	 ductile	
removal	 regime	machining	 of	 single	 crystal	 6H‐SiC.	 However,	 controversy	 still	 exists	 regarding	 the	 basic	




The	 ductile	 removal	 mechanism	 of	 single	 crystal	 6H‐SiC	 is	 studied	 in	 this	 paper.	 The	 nanometric	
cutting	 experiments	 for	 different	 undeformed	 chip	 thicknesses	 were	 carried	 out	 on	 a	 novel	 nanometric	
cutting	setup	within	a	scanning	electron	microscope	(SEM).	Characterization	of	the	machined	surface	was	




















implant‐assisted	 nanocutting	 experiments.	 The	 cutting	 orientation	 was	 C‐face	 (0001)<1‐100>	 of	 single	
crystal	6H‐SiC.	





Fig.	 2(a)‐(f)	 show	 the	 nanocutting	 results	 of	 single	 crystal	 6H‐SiC	 for	 different	 undeformed	 chip	
thicknesses.	With	 the	undeformed	 chip	 thickness	≤	70	nm,	 a	 smooth	 surface	 is	 obtained,	which	 indicates	
that	 the	 material	 is	 removed	 in	 ‘ductile	 regime’.	 As	 shown	 in	 Fig.	 2(d)‐(e),	 when	 the	 undeformed	 chip	
thickness	 is	 80	 nm	 ~	 90	 nm,	 pits	 appear	 in	 the	 machined	 surface,	 although	 plastic	 deformation	 is	 still	
dominant.	When	the	undeformed	chip	thickness	increases	to	100	nm	(Fig.	2(f)),	fractures	take	place	on	the	
machined	surface.	
Fig.	 3(a)‐(f)	 show	 the	 cutting	 chip	 morphology	 for	 different	 undeformed	 chip	 thicknesses.	 With	 the	
undeformed	chip	thickness	≤	70	nm,	a	continuous	ribbon‐like	chip,	similar	to	metal	cutting,	is	formed.	For	
the	undeformed	chip	thicknesses	of	80	nm	and	90	nm	(Fig.	3(d)‐(e)),	the	chips	are	still	continuous	ribbon‐
like	 whereas	 brittle	 fracture	 already	 occurs,	 which	 are	 consistent	 with	 Fig.	 2(d)‐(e).	 Brittle	 chips	 with	


























orientations	 and	 their	 phases	 on	 the	 surfaces	 of	 bulk	 crystals.	 Fig.	 4	 shows	 EBSD	 results	 on	 phase	




and	 unmachined	 regions	 with	 different	 undeformed	 chip	 thicknesses.	 EBSD	 characterizations	 were	
conducted	with	two	beam	energies	of	15	keV	and	20	keV.	For	15	keV	beam	energy,	when	the	undeformed	
chip	 thickness	 was	 larger	 than	 50	 nm,	 the	 machined	 surface	 showed	 a	 drastic	 reduction	 of	 SiC	 crystal	
structures	from	the	EBSD	results.	When	the	undeformed	chip	thickness	was	further	increased	to	90	nm,	no	
backscatter	Kikuchi	patterns	in	the	machined	region	was	observed,	as	shown	in	Fig.	4(c).	However,	for	20	


























   

















































































deformation	 occurs	 in	 6H‐SiC	 by	 dislocation	 movement	 at	 above	 1273	 K	 [30].	 Since	 the	 nanocutting	
experiments	 in	 this	 paper	were	 carried	 out	with	much	 small	 cutting	 speed	of	 58.79	nm/s,	 the	maximum	




To	 improve	 6H‐SiC	 ductile	 machining	 ability,	 methods	 of	 stress‐assisted	 and	 ion‐implant‐assisted	
nanocutting	are	studied	here.	
 Stress‐assisted	nanocutting	
The	 Large‐scale	 Atomic/Molecular	 Massively	 Parallel	 Simulator	 code	 [31]	 is	 used	 to	 simulate	
nanometric	 cutting	 of	 6H‐SiC.	 The	 analytical	 bond	 order	 potential	 (ABOP)	 [32]	 is	 used	 to	 describe	 the	
interactions	between	Si‐Si,	Si‐C,	C‐C	in	the	tool	and	workpiece	and	between	them.	Fig.	7	(b)	shows	the	MD	
model	 for	nanometric	cutting	of	6H‐SiC.	The	diamond	tool	 is	 regarded	as	a	rigid	body.	Periodic	boundary	
























































Fig.	 8	 shows	 the	 sub‐surface	 damage	 results	 under	 normal	 nanocutting	 and	 stress‐assisted	
nanocutting	at	10	nm	cutting	depth.	Results	show	that	stress‐assisted	nanocutting	can	effectively	decrease	
the	sub‐surface	damage	under	the	same	depth	of	cut.	
Hydrostatic	 stress	 is	 associated	with	 a	 change	 of	 volume	 leading	 to	 classical	 thermodynamic	 phase	
transition	[7,33,34].	Experimental	study	has	revealed	that	the	rocksalt	structural	transformation	in	6H–SiC	
requires	 a	 transformation	 pressure	 of	 100	 GPa	 [35].	 As	 shown	 in	 Fig.	 8,	 for	 normal	 nanocutting,	 high	
hydrostatic	stress	occurred	in	front	of	the	tool	cutting	edge	and	the	maximum	hydrostatic	stress	can	reach	
100	GPa,	which	is	enough	to	induce	the	HPPT	in	nanometric	cutting	6H‐SiC.	Comparing	with	the	results	of	
normal	 nanocutting,	 the	 hydrostatic	 stress	 decreases	 greatly	 in	 stress‐assisted	 nanocutting,	which	would	
inhibit	the	HPPT	occurrence	and	prolong	the	lifetime	of	diamond	cutting	tool	as	well.	
Fig.	 9	 shows	 the	 simulation	 results	 obtained	by	post‐processing	of	 the	MD	 trajectories	by	using	 the	
dislocation	 extraction	 algorithm	 (DXA).	 For	 normal	 machining	 perfect	 dislocations	 with	 Burgers	 vector	






















paper,	 ion‐implant‐assisted	 nanocutting	 by	 Si	 ions	 implantation	 was	 studied	 by	 MD	 simulation.	 Fig.	 10	
shows	the	MD	model	for	ion	implantation.	SiC.tersoff.zbl	potential	[36]	is	used	to	describe	the	interactions	
between	Si‐Si,	Si‐C,	C‐C.	Periodic	boundary	condition	is	applied	along	the	x	and	y	direction.	Considering	the	
simulation	 speed	 and	 simulation	 accuracy,	 the	 simulation	 method	 with	 adaptive	 timestep	 is	 used	 in	 the	
simulation.	The	timestep	is	increased	from	0.001	fs	to	1	fs	during	the	simulation	to	ensure	that	the	largest	










































After	 implantation	of	65	silicon	 ions	 into	silicon	carbide,	structure	of	 the	substrate	was	analyzed,	as	
shown	 in	 Fig.	 11.	 Figure	 11(a)	 shows	 only	 the	 distribution	 of	 damaged	 atoms,	 and	 the	 atoms	 of	 normal	
structure	are	hidden.	It	can	be	seen	that	some	areas	have	formed	a	continuous	uniform	damage	structure.	In	
order	to	quantitatively	analyze	the	damage,	the	number	of	damaged	atoms	at	different	ion	doses	is	counted,	
as	 shown	 in	 Fig.	 12.	 With	 the	 increase	 of	 the	 number	 of	 ion	 implantation,	 the	 number	 of	
 






















































damaged	 atom	 increases	 gradually.	 When	 the	 number	 of	 ion	 implantation	 reaches	 65,	 the	 number	 of	
damaged	atoms	has	exceeded	12000.	Radial	distribution	function	of	the	material	in	the	red	rectangular	area	
shown	 in	 Fig.	 11	 (b)	 is	 analyzed.	 It	 can	 be	 found	 that	 the	 peaks	 are	 weakened	 and	 broadened	 after	 the	
implantation,	 as	 shown	 in	 Fig.	 13.	 The	 regularity	 of	 periodic	 distribution	was	 severely	 damaged,	 and	 the	
amorphous	characteristics	of	short‐range	ordered	and	long‐range	disordered	were	reflected.		
The	 ion‐implant	 6H‐SiC	 substrate	was	 further	 studied	 the	 nanocutting	 performance	 comparing	with	
normal	 nanocutting.	 Fig.	 14	 shows	 the	 nanometric	 cutting	 simulations	 by	 normal	 nanocutting	 and	 ion‐
implant‐assisted	nanocutting.	Fig.	15	shows	the	curve	of	damage	layer	depth	with	time	during	the	normal	
nanocutting	process.	The	depth	of	damage	layer	 increases	with	the	progress	of	cutting.	Amorphous	phase	























implant‐assisted	nanocutting	 (b).	 The	upper	 right	 corner	 is	 the	hydrostatic	pressure	distribution	at	 the	 corresponding	
time.		




































































MD	 simulation	 results	 show	 that	 ion‐implant‐assisted	method	 can	effectively	 increase	 the	degree	of	
amorphization	 in	 the	 ion‐modified	 region,	 resulting	 in	 the	 improvement	 of	 ductile	 machining	 for	 ion‐
implant‐assisted	nanocutting.	






area,	while	brittle	 crack	 can	be	 found	 in	 the	non‐implanted	area,	which	 reveals	 that	 the	 ion	 implantation	
enhances	the	machinability	of	the	single	crystal	6H‐SiC,	as	shown	in	Fig.	18(a).	After	a	further	90	nm	depth	
nanocutting,	 there	 is	 still	no	brittle	 crack	 in	 the	 implanted	area,	 as	 shown	 in	Fig.	18(b).	Although	 the	 ion	
implant	modification	layer	has	been	removed,	the	stable	amorphous	damage	layer	induced	by	the	previous	
nanocutting	would	enhance	the	ductile	machinability	for	this	area.	For	the	third	90	nm	depth	nanocutting,	









Nano	 cutting	 experiments	 under	 SEM	 on‐line	 observation	 were	 conducted	 to	 study	 the	 removal	
mechanisms	 of	 6H‐SiC.	 The	 phase	 transformation,	 subsurface	 damage	 layer	 thickness,	 and	 stacking	 fault	
density	for	the	machined	area	were	studied	by	EBSD,	TEM	and	Raman	characterizations.	Characterization	
results	 show	 that	part	 of	6H‐SiC	 structure	 transforms	 to	15R‐SiC	 crystal	 structure	 and	amorphous	phase	
after	nanocutting.	The	subsurface	amorphous	layer	thickness	of	machined	6H‐SiC	with	90	nm	undeformed	
chip	 thicknesses	 is	 ~	 23	 nm.	 Results	 show	 that	 stress‐assisted	 method	 can	 effectively	 decrease	 the	
hydrostatic	 stress,	 help	 to	 activate	 dislocation	motion	 located	 ahead	 of	 the	 tool	 cutting	 edge	 and	 ductile	
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